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access undAbstract Novel complexes of zirconium(IV) and uranium(II) with selective azodyes containing
nitrogen and oxygen donor ligands have been prepared and characterized by elemental analysis,
1H NMR and electronic spectral techniques. The important bands in the IR spectra and main
1H NMR signals are assigned and discussed in relation to the proposed molecular structure of
the complexes. The IR data of the azodye ligands suggested a bidentate binding involving azodye
nitrogen and C–O/OH oxygen atom of enolic group. They also showed the presence of Cl/OAc
coordinating with the metal ion. The prepared complexes of Zr(IV) fall into four types. In the stoi-
chiometric formulae of (1:1), the chelate rings are six-membered/ﬁve coordinate; whereas in the
(1:2) they are six-membered/six coordinate and all of the complexes possess non-electrolytic prop-
erties. The UO2(II) complex, in the mean time, possesses a planar hexagonal structure with nitrogen
and oxygen atoms in the axial position. The stretching vibrations and force constant interactions of
the uranyl complexes have been determined and from which the U–O bond distances are calculated.
These bond distances as well as the effect of Hamett’s constant are also, in turn, calculated and dis-
cussed.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.sa
ng by Elsevier B.V. on behalf
Saud University.
lsevier
er CC BY-NC-ND license.
Open access under CC BY-NC-ND license.1. Introduction
In recent years, complexes containing azodyes ligands have
received much attention because of their rich electrochemical
and photophysical properties as well as their potential applica-
tions in various supramolecular structures as electronics and
photomolecular devises (De Cola and Belser, 1998; Belser
et al., 1999; Mubarak et al., 2007; El-Dissouky et al., 2002).
Multinuclear systems of this kind of complexes can be devel-
oped by covalent linking of building blocks with spacers, which
are the key component because the size, shape and electronic
nature of the bridge controlling the electronic communication
410 A.T. Mubarakbetween the chromophores and thereby the molecule as a
whole. A few mono and dinuclear complexes containing poten-
tial bidentate ligand (HLn) have been reported (El-Bindary
et al., 2003; El-Sonbati et al., 2002; Mubarak et al., 2004;
Mubarak and El-Assiery 2004; Mubarak and El-Sonbati,
2006). They revealed that under certain experimental condi-
tions HLn undergoes various metal-assisted reactions.
Interest in the study of azodye has grown because of their
antimicrobial, anti-tuberculosis, and anti-tumour activities
(El-Sonbati et al., 2001a). Azodyes play also an important role
in inorganic chemistry, as they easily form stable complexes
with most transition metal ions. The behavior of azodye com-
plexes have attracted the attention of the bioinorganic chem-
ists, since a number of these complexes are recognized to
serve as models for biologically important species (Chohan
and Sheazi, 1999; Savanni et al., 2002; Ferrari et al., 1999).
In view of such azodyes importance, we describe here the syn-
thesis and characterization of Zr(IV) and UO2(VI) complexes
of 5-(40-derivatives phenylazo)-3-(4-methoxyphenyl)-2-thioxo-
4-thiazolidinone (HLn).
A series of supramolecular quinoline azodyes and/or
hydrazono ligands moiety containing hydrogen bonding has
been reported (Mubarak, 2007). This hydrogen bonding is
considered as one of the key interactions in the process of
molecular aggregation and recognition in nature (El-Sonbati
and El-Dissouky, 1987); and it can be used to design and
assemble supramolecular architectures. This hydrogen bond-
ing is viewed as hydride structure composed of a carbonyl/azo-
methine function and OH/‚N–NH group and has mutual
electronic and steric inﬂuence on the hydrogen bonding forma-
tion that is dependent on the conformation of the molecules,
determined by the two competitive conjugated p–p* and n–p
systems as well as the steric effect.
This work is an extension to previous studies (Mubarak,
2007; Mubarak et al., 2004, 2006; Mubarak and El-Sonbati,
2006) investigating the chemistry of the coordination com-
plexes of the HLn, which possess several important characters;
viz. (i) molecular materials with peculiar electronic or optical
properties forming intermolecular interactions with different
nature, which is required for the desired structural control
and providing hydrogen bonding or charge transfer processes,
(ii) the oxygen bridge with varied stereochemistries, which pos-
sesses interesting spectral properties used in the biological
processes.
This work investigates the synthesis and characterization of
azodyes obtained by coupling of the 3-(4-methoxyphenyl)-2-
thioxo-4-thiazolidinone with diazonium salts and their Zr(IV)
and UO2(II) complexes. The coordination behavior of azodye
toward transition metal ions was also investigated. The present
study, does not only study the synthesis and characterization
of novel series of macromolecular metal chelates, but also
demonstrates the enhanced effectiveness of charge density on
the chelating ring. It also investigates the effects of substituentsN
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OR
N
N R1
Figure 1 R1 = OCH3 (n= 1); CH3 (n= 2); H (n= 3);
Cl (n= 4); NO2 (n= 5) and R= p-OCH3Ph.at p-position of the aromatic amine on the stoichiometries of
the complexes of these ligands with uranyl acetate.2. Experimental
2.1. General procedure
The experimental procedures have been reported previously
(El-Sonbati et al., 2001b; Issa et al., 2004; Selwood, 1956).
The standard chemicals; aniline and 4-alkyl-anilines (alkyl:
OCH3, CH3, Cl and NO2; Aldrich Chemical Co.) were used
without any further puriﬁcation. The U–O bond distances cal-
culations have been applied by using a computer program
developed in our laboratory using C Language.
2.2. Preparation of 5-(40-derivatives phenylazo)-3-(4-
methoxyphenyl)-2-thioxothiazolidinone (HLn)
In a typical preparation, 25 ml of distilled water containing
0.01 mol hydrochloric acid was added to 0.01 mol aniline or
a 4-alkyl-aniline. To the resulting mixture stirred and cooled
to 0 C, a solution of 0.01 mol sodium nitrite in 20 ml of water
was added dropwise. The so-formed diazonium chloride was
consecutively coupled with an alkaline solution of 0.01 mol
3-(4-methoxyphenyl)-2-thioxo-4-thiazolidinone, in 20 ml of
pyridine. The orange precipitated product, which formed
immediately, was ﬁltered through sintered glass crucible,
washed several times with water and ether. The crude product
was puriﬁed by recrystallization from hot ethanol, then dried
in vacuum desiccator over P2O5 (yield 65%). The ligands, illus-
trated in the following structure (Fig. 1), were characterized by
elemental analysis (Table 1) and IR spectroscopy.
2.3. Preparation of complexes
2.3.1. Method A
For the synthesis of uranium complexes; a hot solution of
UO2(CH3COO)2Æ2H2O (0.01 mol) in EtOH (30 cm
3) was added
to the appropriate ligand (0.022 mol) in EtOH (30 cm3). Poly-
crystalline solid complexes were immediately formed in each
case.The reactionmixturewas thenmaintained at reﬂux temper-
ature for 2 h to ensure complete reaction. The solid complexes
were ﬁltered off while hot and washed several times with EtOH,
followed by Et2O and dried in vacuo over P2O5.
2.3.2. Method B
For the synthesis of zirconium complexes, a solution of ZrCl4
(0.23–0.46 g) in approximately 50 ml of benzene was mixed
with an appropriate amount of HLn ligand to give a molar
ratio of 1:1 or 1:2 and put on reﬂux for 6–13 h, followed by
removal of the excess benzene under reduced pressure. The
complexes were ﬁltered and washed with Et2O.
All precipitates were dried in a vacuum oven at 40 C for
several days. The details of elemental analysis of the isolated
complexes are shown in Table 2.
2.4. Physical measurements
C, H and N microanalyses were carried out at King Khalid
University Analytical Center, Saudi Arabia, using a Perkin–
Elmer 2400 Series II Analyzer. The metal content in the
Table 1 Analytical data of azorhodanine derivatives.
Compoundsa Formula color Exp. (Calcd.)%
C H N
HL1 C17H15N3O3S2 Orange 54.67 (54.55) 4.05 (3.97) 11.25 (11.15)
HL2 C17H15N3O2S2 Brown 57.12 (57.00) 4.23 (4.14) 11.76 (11.56)
HL3 C16H13N3O2S2 Dark yellow 55.96 (55.69) 3.81 (4.00) 12.24 (12.11)
HL4 C16H12N3O2S2Cl Brown 50.86 (50.66) 3.20 (3.12) 11.12 (11.00)
HL5 C16H12N4O4S2 Brown 49.77 (49.25) 3.12 (3.00) 14.43 (14.20)
a The analytical data agree satisfactorily with the expected formulae represented as given in structures HL1–HL5. Air stable, colored, insoluble
in water, but soluble in hot ethanol and soluble in coordinating solvent.
Table 2 Method of preparation and analytical data of Zr(IV) complexesa (for molecular structure see Fig. 1)b.
Complexes c,d Mol. ratio Reﬂux time (h) Exp. (Calcd.)%
C H N Cle
[Zr(L1)(Cl3)] 1:1 9 35.92 (35.82) 2.80 (2.63) 8.05 (7.38) 19.30 (18.70)
[Zr(L1)2(Cl2)] 1:2 13 45.19 (45.03) 3.15 (3.09) 9.77 (9.27) 7.843 (7.84)
[Zr(L2)(Cl3)] 1:1 7 36.95 (36.86) 2.66 (2.53) 7.95 (7.59) 19.84 (19.24)
[Zr(L2)2(Cl2)] 1:2 10 46.88 (46.68) 3.30 (3.20) 10.10 (9.61) 8.43 (8.12)
[Zr(L3)(Cl3)] 1:1 5 35.66 (35.59) 2.32 (2.22) 7.98 (7.79) 20.22 (19.74)
[Zr(L3)2(Cl2)] 1:2 10 45.44 (45.39) 2.93 (2.84) 10.45 (9.93) 8.57 (8.39)
[Zr(L4)(Cl3)] 1:1 6 33.62 (33.48) 2.10 (1.92) 7.56 (7.32) 19.94 (18.57)
[Zr(L4)2(Cl2)] 1:2 12 42.22 (42.01) 2.32 (2.41) 9.72 (9.19) 7.90 (7.77)
[Zr(L5)(Cl3)] 1:1 8 32.94 (32.85) 2.00 (1.88) 9.88 (9.58) 18.57 (18.22)
[Zr(L5)2(Cl2)] 1:2 13 41.22 (41.03) 2.44 (2.35) 12.43 (11.97) 7.85 (7.59)
a Microanalytical data as well as metal estimations are in good agreement with the stoichiometries of the proposed complexes, air stable, non-
hydroscopic, high melting temperature and colored.
b The excellent agreement between calculated and experimental data supports the assignment suggested in the present work.
c L1–L5 are the anions of the ligands HL1–HL5 as given in Fig. 1.
d Using method B for preparation.
e The chlorine content was determined by combustion of the solid complex (30 mg) in an oxygen ﬂask in presence of a KO-H2O2 mixture,
followed by titration with a standard Hg(NO3)2 solution using diphenyl carbazone as an indicator.
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2005a; Mubarak and El-Assiery, 2004; El-Sonbati et al.,
2004b). IR spectra were recorded on a Perkin–Elmer 1340
spectrophotometer. UV–Vis spectra were measured (Nujol
mull) on a Pye Unicam 8800 spectrophotometer. 1H NMR
spectra were obtained on JEOL FX900 Q Fourier transform
spectrometer with DMSO-d6 as solvent and TMS as internal
reference.3. Results and discussion
3.1. The solid state structures
In general, most of the azo compounds give spectral bands
localized in the wavelength range 46,620–34,480 and 31,250–
270,370 cm1. The ﬁrst region is due to the absorption of the
aromatic ring compared to 1Bb and
1Lb of mono substituted
benzene, while the second region is due to the conjugation be-
tween the azo group and the aromatic nuclei, with intermolec-
ular charge transfer resulting from p-electron migration to the
diazo group from electron donating substituents. The p-sub-
stituents increase the conjugation with a shift to a longer wave-
length. Most of the simple p-substituted compounds are in the
azoid form in cyclohexane and alcohols. The substituents ef-
fect is related to the Hamett’s constant values. The positionof the p–p* transition of the azo groups remains as one of
the most interesting, yet unresolved questions of molecular
spectroscopy. For azo benzenes, as the possibilities of the
mesomerism became greater, the stabilization of the excited
state is increased relative to that of the ground state and a
bathochromic shift of the absorption bands follows (Mubarak
et al., 2006). Based on MO theory (Milliﬁori and Favini, 1971)
the energy terms of the molecular orbital became more closely
spaced as the size of the conjugated system increases. There-
fore; with every additional conjugated double bond, the energy
difference between the highest occupied and the lowest vacant
p-electron level became smaller and the wavelength of the ﬁrst
absorption band corresponding to this transition is increased.
The azo group can act as a proton acceptor in hydrogen
bonds. The role of hydrogen bonding in azo aggregation has
been reported and acknowledged for some time (Mubarak,
2006, 2007).
The principal ligand HLn was synthesized by coupling of 3-
(4-methoxyphenyl)-2-thioxo-4-thiazolidinone with diazonium
salts. The elemental analysis is in good agreement with the pro-
posed structure, 5-(40-derivatives phenylazo)-3-(4-methoxy-
phenyl)-2-thioxo-4-thiazolidinone (HLn) can exist either as
keto or enol form or as an equilibrium mixture of the two since
it has a hydrazone function. However, the IR and 1H NMR
spectra of HLn indicate that it remains in the keto form in solid
state. The IR spectra of complexes, however, does not show
412 A.T. Mubarakany intense absorption band at 1695 cm1, which is related to
the carbonyl stretching of rhodanine moiety. This indicates
that in solution and in presence of metal, it is converted to enol
and coordinated to the metal in the enolate form.
The elemental analysis corresponds to the general formula
[Zr(Ln)(Cl3)], [Zr(Ln)2(Cl2)] and [UO2(HLn)2(OAc)2] for all
complexes. The principal ligand HLn undergoes mono depro-
tonation to form Ln in zirconium and neutral form HLn in
uranyl complexes and acts as a bidentate ligand; thus occupy-
ing two positions of an octahedral geometry. In all complexes,
ligand acts as a bidentate chelating ligand and occupies the two
and/or fourth positions. The chloro or acetato group occupies
the ﬁve/sixth position. All complexes exhibited non-conducting
properties in DMF solution.
3.2. Stoichiometries of the novel zirconium complexes
The stoichiometries of the complexes have been deduced from
their elemental analysis (Table 2). It indicates that the metal
complexes fall into two distinct categories, namely 1:1 and
1:2 (metal:ligand). HLn is mononucleating and hence requires
one metal ion for coordination. All the products were partially
soluble in common organic solvents. Microanalytical data as
well as metal chloride and acetate estimations are in good
agreement with stoichiometry proposed for complexes (Tables
2 and 3) and their nature was found to be dependent on the
metal salt used, reaction conditions and the pH of the medium.
The formation of the complexes may be represented by the
following reactions which were carried out under anhydrous
condition.
Zirconium tetrachloride reacts with the HLn (n= 1–5) in
1:1 and 1:2 mol ratios in anhydrous benzene, giving partially
soluble products as indicated below and seen in Scheme 1.
ZrCl4 þHLn ! ½ZrLnCl3 ð1 : 1; 5 h or 8 hÞ A or C
ZrCl4 þ 2HLn ! ½ZrðLnÞ2Cl2 ð1 : 2; 10 h or 13 hÞ B or D
where Ln represents the anion of the corresponding monofunc-
tional bidentate HLn.
The reactions appear to proceed up to a 1:2 molar ratio,
where a prolonged reﬂux (30 h) was also exerted to see if
1:3 and/or 1:4 stoichiometries were possibly formed by replac-
ing a chloride group with the ligand. This suspicion was not
materialized nor observed due to possible steric factors.
The plausible structures of (A, C) and (B, D) products ob-
tained in the reaction of 1:1 and 1:2 molar ratios, respectively
are given in Scheme 1.Table 3 Analytical data of UO2(II) complexes
a (for molecular stru
Complexesc Exp. (Calcd.)%
C H
[UO2(L1)2(OAc)2][1] 40.00 (40.28) 3.3
[UO2(L2)2(OAc)2][2] 41.50 (41.38) 3.4
[UO2(L3)2(OAc)2][3] 40.00 (40.22) 3.1
[UO2(L4)2(OAc)2][4] 37.91 (37.83) 2.8
[UO2(L5)2(OAc)2][5] 36.95 (37.18) 2.6
a Microanalytical data as well as metal estimations are in good agreem
b The excellent agreement between calculated and experimental data su
c L1–L5 are the anions of the ligands HL1–HL5 as given in Fig. 1.These (A) and (B) derivatives are suggested to be dimeric in
boiling benzene, the dimerization probably takes place
through the bridging chloride groups and the zirconium atoms
appear to be hepta- and hexa-coordinated, whereas (C) and
(D) derivatives are monomeric in boiling benzene (as shown
in Scheme 1). The monomers C and D are likely to be penta
and hexa-coordinated with regards to the central metal atom.
It has been reported (Biradar and Locker, 1974) that zirco-
nium exhibits ﬁve coordinate complexes when zirconyl
chloride reacts with thiosemicarbazones. Furthermore; the
reactions of zirconium isopropoxide with certain Schiff bases
are studied (Prashar and Tandon 1968), they reported the pres-
ence of the central metal in 5-8 coordinate structures.
The mode of bonding of the azodyes to the zirconium ions
was elucidated by investigating the IR spectra of the chelates;
1:1 and 1:2 molar ratios, and compared to those of the free
ligands.
3.3. Synthesis and stereochemistry of zirconium complex
The zirconium complexes were readily synthesized by treating
ZrCl4 with the ligands HLn (where n= 1–5). The obtained zir-
conium complexes exhibit ﬁve idealized octahedral structures
(Scheme 2; A–E). The zirconium, in structures (A) and (B) is
bound to two cis-coordinated phenoxy-azo-nitrogen[O,N] che-
late ligands, which are likely to be the most stable isomeric
structures, because they possess two bidentate non-symmetric
ligands. For these most possible stable isomeric structures;
structure (A) is believed to be the most preferred one, since
the short zirconium–oxygen bonds are trans to each other to
reduced steric congestion of the ligands and the donor azo-
nitrogen are trans to the chlorines, which have electron-
withdrawing properties. Furthermore; the phenoxy-oxygen in
structure (A), should participate in oxygen–zirconium p-bond-
ing employing different metal d-orbital, thus enhancing the
stability of the resulting complex.
3.4. Infrared spectra and nature of coordination
The bonding of the metal ion to the ligand can be explained by
comparing the IR spectra of the complexes with those of the
free ligands.
The infrared spectra of HLn give interesting results and
conclusions. The ligands exhibit two bands at 3200–
3040 cm1 due to asymmetric and symmetric stretching vibra-
tions of N–H group and intramolecular hydrogen bonding
NH  O systems, respectively (Scheme 3D). This is based onctures see Fig. 1)b.
N M
(3.18) 7.92 (7.42) 21.53 (21.03)
0 (3.27) 8.12 (7.62) 22.00 (21.64)
0 (2.98) 8.40 (7.82) 22.63 (22.16)
0 (2.63) 7.92 (7.36) 20.25 (20.88)
5 (2.58) 10.24 (9.64) 21.05 (20.48)
ent with the stoichiometries of the proposed complexes.
pports the assignment suggested in the present work.
Scheme 1 Plausible structures of (A, C) and (B, D) products obtained from the reaction of 1:1 and 1:2 molar ratios, respectively.
Scheme 2 Isomeric structures of zirconium complexes (A–E) and the structure of dioxouranium complexes (F).
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hydrogen bond (Scheme 3C), the O  N and N  O bond
distances are the same. However, if such a mechanism is
taking place via intermolecular hydrogen bond, the OH  O
and OH  N bond distances differ (Scheme 3; E and
F,respectively).
The broad band located at 3400 cm1 is assigned to mOH.
The low frequency bands indicate that the hydroxyl hydrogen
atom is involved in ketoM enol tautomerism through hydro-
gen bonding (3AM 3B, in Scheme 3).
On the other hand, the OH group (Scheme 3B) exhibits
more than one absorption band. The two bands located at
1330 and 1370 cm1 are assigned to in-plane deformation
and that at 1130 cm1 is due to mC–OH. This observation
has been reported earlier (Mubarak, 2007), where the differentmodes of vibrations of C–H and C–C band are identiﬁed by
the presence of characteristic bands in the low frequency side
of the spectrum in 600–200 cm1.
The ligands show also a medium broad band located at
3460 cm1 due the stretching vibration of some sort of
hydrogen bonding. Detailed studies for different types of
hydrogen bonding have been previously reported by our group
(Mubarak, 2005b; Mubarak et al., 2007; El-Sonbati et al.,
2004b). They are favorable to exist in the investigated mole-
cules in various forms as follows:
1. Intramolecular hydrogen bond between the nitrogen atom
of the –N‚N– system and hydrogen atom of the hydroxyl
hydrogen atom (Scheme 3C). This is evident by the pres-
ence of a broad band centered at 3460 cm1.
Scheme 3 General formula and proton numbering of the 3-(4-methoxy phenyl)-5 azorhodanine) derivatives (HLn).
414 A.T. Mubarak2. Intramolecular hydrogen bonding of the OH  N type
between the hydroxyl hydrogen atom and the N–Ph group
(Scheme 3C).
3. Intermolecular hydrogen bonding is possible forming cycle
dimmer through OH  OH (E) or OH  N‚N (F) or
NH  O‚C (G), (Scheme 3).
Again; the three bands assigned to dOH at 1380, 1340 and
1310 cm1 as well as the two bands of mC–O at 1240 cm1 are
together strong indications to ketoM enol equilibria.
By comparing the infrared spectra of the free ligands to that
of corresponding complexes the following points are observed.
1. In the IR spectra of all ligands the band at 1545 cm1 due
to the m(–N‚N–) mode is observed. In the metal chelates,
this frequency is lowered to 1540 cm1 indicating the
bonding of the azo nitrogen to the uranyl/zirconium atom.
The m(C–N) vibration appearing at 1480 cm1 in the
ligands suffers a downward shift of 10 cm1, thereby sup-
porting the coordination of one of the azo nitrogen atoms
to the zirconium ion.
2. The absence of any peak attributed to the C–OH moiety, in
the 3440 and 3180 cm1 region, implies that the ligands
exist predominantly in solution as the form shown inScheme 3A. However, in solution and in the presence of
zirconium ion these compounds exist in a tautomeric
equilibrium 3BM 3C. The main change is observed in the
carbonyl stretching vibration, thus suggesting that the form
shown in Scheme 3C is prevailed. This tautomeric form
losses enolic proton when complexed with zirconium ion
as mononegative chelating agents produces the CO/OH
mode of the free ligands. New bands assigned to m(OH)
in the free ligands is absent, suggesting the cleavage of
intramolecular hydrogen bonding of mOH group and coor-
dination of oxygen to the metal ion. The positive shift of
m(C–O) by 5–15 cm1 in all the complexes further conﬁrms
the complexation through the oxygen. Hence; the IR spec-
tra of the Zr(IV) complexes indicate that the coordination
occurs via deprotonation process.
3. The bands of dOH at 1295 cm1, mC–OH at 1210 and cOH
at 823 cm1 display a sharp decrease in their intensities to
such an extent that they nearly vanish. This can be taken
as an indication for the complete removal of OH group
by the Zr(IV) ion reacting with the ligands. Since the ligand
reacts with Zr(IV) ion, as gathered from the results of ele-
mental analysis, then each Zr(IV) ion would displace only
one proton from the OH group contained in the ligands
molecule. The possible structure of the Zr(IV) complexes
Figure 2 1H NMR chemical shift (DMSO-d6) (ppm vs. TMS); (a) HL2; (b) HL2 with D2O; (c) compound (2) and (d) compound (2) with
D2O.
Novel complexes of zirconium and uranium derived from bifunctional azodyes 415could be suggested based on: (i) the absence of one anion,
(ii) the disappearance of C‚O, (iii) the coordination of
azo group. Therefore; under such conditions, the ligand is
of bidentate nature with respect to the evidence above.
4. All complexes exhibit m(C‚C) in the 1595–1610 cm1
region. The phenyl ring vibration appears at 1480–
1510 cm1. The presence of a p-substituted benzene ring
in the ligands as well as in the complexes is indicated by
strong and sharp bands around 630–650 cm1. The deﬁned
band at 2960 cm1 in the complexes is assigned to m(C–H)
vibration of the aromatic system.
5. The UO2(II) complexes (Scheme 2F) exhibit distinct bands
at 1635 and 1385 cm1 assignable to m(C‚O) of the coor-
dinated acetate (El-Sonbati and El-Bindary, 1996), this is
further supported by the appearance of d(O–C–O) wagging
modes of acetate around 680 and 620 cm1 (El-Sonbati
et al., 2004a) as well as sharp bands at 455 and 445 cm1
attributed to U–O absorption.According to the structure shown in (Scheme 1) the HLn
ligand takes its usual anionic (Ln) to chelate Zr(IV) through
N-of azo group and oxygen atom of enol group (Schemes 1
and2 except 2F) as potential binding sites, whereas the chloro
anion just ﬁts the remaining free coordination position.
1. The –N‚N– and OH bands are shifted to lower wavenum-
ber (Dm = 15, 110) donating that the N-of azo group and
also oxygen atom of hydroxyl group are coordinated to
the UO2(II) ion. This supports the assumption that the
ligand is bonded to the UO2(II) ions in the form of a biden-
tate neutral ligand (Scheme 2F).
3.5. Spectral studies
The HLn exhibits absorption maxima at 26,360–26,180 cm
1
(CS) (nﬁ p*), 30,560–30,260 cm1 (CO) (nﬁ p*), 32,980–
Figure 3 The relation between m1 vs. m3 (cm
1).
Figure 4 The relation between rU–O (A˚) and FU–O (10
8 N/A˚)
with m3 (cm
1).
Figure 5 The relation between r3 (A˚) and F
x
U–O (10
8 N/A˚) with
m3 (cm
1). FxU–O is the band force constant which is evaluated by
equation used by El-Sonbati. r3 is the internuclear distance U–O
calculated by using the symmetric stretching frequency evaluated
by the equation used by El-Sonbati.
Figure 6 The variation of p-substituted Hamett’s with; (a) rU–O
(A˚) and (b) FU-O (10
8 N/A˚).
416 A.T. Mubarak33,150 cm1 (H-bonding and association), 40,250–39,900 cm1
(phenyl) (Ph–Ph*), (p–p*) (El-Dissouky et al., 2002; El-Sonbati
and El-Dissouky 1987) and 29,620–29,355 cm1 transition of
phenyl rings overlapped by composite broad p–p* of azo struc-
ture. In the dioxouranium(VI) complexes, the (CS)(n–p*) tran-
sition shifts slightly to lower energy and remains almost
constant. The (CO) (nﬁ p*) transition disappears with the
simultaneous appearance of new bands, being attributed to
pﬁ p* (C‚C) as a sequence of enolization. The band due
to pﬁ p* transition moves to lower energy. These shifts or
the disappearance of the bands are indicative of coordination
of the ligands to UO2(II). The dioxouranium(VI) complexes
exhibit also new bands at 24,390–24,210 cm1, which are
assigned to the 1
PU
g ! 3pU transition, typical of OUO for
the symmetric stretching frequency for the ﬁrst excited state
(El-Sonbati et al., 2004b).3.6. 1H NMR spectra
The NMR spectroscopy was used to differentiate stereoiso-
mers. The 1H NMR data are in good agreement with the pro-
posed structures. The 1H spectra of the ligand (HL2) and
uranyl complex (2) (Fig. 2) have been recorded in DMSO-d6
using TMS as the internal standard and the obtained data sup-
port the occurrence of the form depicted in Scheme 3B and
Fig. 2. The broad signal in compound (2) observed at
11.20 ppm is attributed to the OH proton (Fig. 2a). A high
ﬁeld is seen for the CH resonance of the ligand, which appears
as a singlet at d 4.42 ppm; the last two protons disappear in the
presence of D2O (Fig. 2b). Further, the CH signal vanishes and
a new OH signal appears upon complexation (Fig. 2c) i.e., the
coordination of oxygen atom of the hydroxyl group with the
metal ion (El-Dissouky et al., 2002; Mubarak et al., 2007). This
signal disappears upon addition of D2O (Fig. 2d) i.e., change
Figure 7 The relation between: (1) m3 vs. r1; (2) m3 vs. r2 and (3) m3
vs. r3. r1 is the internuclear distance U–O calculated using Badger
equation. r2 is the internuclear distance U–O calculated using
Jones equation.
Novel complexes of zirconium and uranium derived from bifunctional azodyes 417from keto to enol form. The shifts are in the sequence:
p-NO2 > p-Cl > H> p-OMe > p-Me. Also, the
1H NMR
of the ligand exhibits signals at d (ppm) = 3.9 (s, 3H, OCH3)
and 2.3 (s, 3H, CH3). The aromatic protons have resonance
at 7.10–7.45 ppm for the ligands. Chelation causes a downﬁeld
shift of 0.5 ppm. The characteristic proton resonance of the
substituted and unsubstituted, benzene of the ligand and other
complexes are almost unchanged.
3.7. Stereochemistry and the structure of the uranyl complexes
The isolation of HLn complexes with UO2(CH3COO)2Æ2H2O
involving 2:1 ligand to UO2(II) ratio (Table 3) illustrates
clearly that the ligands under study do not introduce sufﬁ-
ciently severe steric hindrance as to preclude the formation
of [UO2(Ln)2Æ(OAc)2] complexes, but their steric feature and
arrangement in space can also favorably inﬂuence the stabiliza-
tion of 2:1 complexes.
5-(40-Derivatives phenylazo)-3-(4-methoxyphenyl)-2-thioxo-
4-thiazolidinone (HLn) reacts with UO2(CH3COO)2Æ2H2O
(molar ratio 2:1 in ethanol) giving complexes with expected
structure in the form of [UO2(HLn)2Æ(OAc)2] stoichiometry.
The IR spectra of all complexes show two bands attributed
to the asymmetric and symmetric stretching frequencies. A
group theoretical consideration (Rastogi et al., 1980) showed
that a linear and symmetrical triatomic UO2(II) ion possessing
D1h symmetry gives rise to three fundamental modes of
vibrations.
In the equatorial bonding, the more effective overlap of O–
U–O group orbital by nitrogen more than oxygen in the ligands
leads to lower m3 values for UO2(II) complexes. The force con-
stant of U–O bond in the present investigation has been calcu-
lated following McGlynn method (McGlynn et al., 1961) and
the U–O bond distance rU–O, for the corresponding complexes
is evaluated using the Jones equation (Jones, 1958, 1959)
and Badger’s formula (Badger, 1935), where RU–O = 1.08
F1/3 + 1.17. The equation used by El-Sonbati study
(El-Sonbati, 1997) has been also applied to determine the sym-
metric stretching frequencies. From infrared spectra, the sym-
metric stretching frequencies are, in turn, used to evaluate the
force constant FU–O and bond–bond interaction with neglect
to the ligands effect. The variation of bond length in the com-
plexes is believed to be due to presence of electron releasing or
electron withdrawing substituents in the equatorial position.
In the present investigation, it is suggested that uranyl ion
possesses a planar hexagonal structure with nitrogen and oxy-
gen atoms in the axial position, whereas two ligand units and
two acetyl groups remain in the equatorial plane. It is also sug-
gested that the two acetyl groups remain in the trans-position.
In these cases, all the complexes are eight coordinated, and the
HLn behaves as a chelating bidentate neutral ligand, bonded
through oxygen and azonitrogen atom as seen in Scheme 2F.
Uranyl ion UO2(II) is quit peculiar both in its own structure
and in its coordination compounds. The ion reaction reveals its
identity over wide range of vibrations in experimental condi-
tions and can be considered from the geometrical point of view,
as a single particle. In the present investigation, the m(U–O)
in all the complexes has exhibited bands at 920–890 and
845–815 cm1 regions. These bands are assigned to m3 and m1,
respectively. The m3 values decrease as the donor characteristi-
cally increases as is observed for p-electron substituents, where
the basicity of the donating atom increases.The experimental results reveal an excellent linear relation
between m1 and m3 with the slope corresponding to
(1 + 2MO/MU)
1/2 (where MO and MU are the masses of oxy-
gen and uranium atoms, respectively) (Fig. 3).
The force constant for the U–O bond [FU–O 10
8 N/A˚],
(FSU–O)t, (F
S
U–O)O and FUO,UO, when neglecting the interaction
of the U–O bonds with the ligands, and the U–O bond distance
[rU–O A˚] are determined. A plot of m1 + m3 and/or m3 versus
force constant for the U–O (FU–O 10
8 N/A˚ or FU–O 10
8/A˚)
and the U–O bond distance (rU–O A˚ or r3 U–O A˚) gives a
straight line with an increase in the value of m1 + m3 and/or
m3 decrease, which is accompanied by increase in the force con-
stant of the U–O bond (Figs. 4 and 5). There is also a straight
line relationship between rU–O and the p-substituent, Hamett’s
constant (rR) with negative slope, i.e., the higher value of rR is
coupled by lower value of rU–O and higher value of the force
constant of U–O bond (Fig. 6). Also, plotting r1, r2, r3 and rt
(bond distance, rU–O) versus t3 gives straight lines with in-
crease in the value of m3 which is accompanied by decrease in
rU–O (Fig. 7). The calculation results also showed an inverse
relationship between m3 and rU–O. This can be explained by
the effect of the electron withdrawing p-substitutes which in-
crease the positive charge on the UO2(II) leading to an increase
in m3 and FU–O and subsequently a decrease in rU–O. Accord-
ingly, rU–O values can be arranged in the order:
p-OCH3 > p-CH3 > H> p-Cl > p-NO2, which are consis-
tent with the values of their rR.
4. Conclusion
This study has suggested that the ligands HLn possess inter-
and intramolecular hydrogen bonds. These HLn ligands be-
have also as a chelating bidentate neutral/monobasic ligand,
bonding through OH/C–O group and nitrogen atom of the
azo group. The CS breathing mode of the ligand is observed.
It remains unaltered in the complexes with absence of coordi-
nations through the sulfur atom of the CS group. The electrical
conductivities reveal that the complexes are non-electrolytes
418 A.T. Mubarakwhere the anions are bound to the metal ions as indicated by
IR.
It is suggested that the obtained zirconium complexes
exhibited ﬁve idealized octahedral structures and their IR spec-
tra indicate that the coordination occurs via deprotonation
process. In the mean time; the uranyl ion possesses a planar
hexagonal structure with nitrogen and oxygen atoms in the
axial position, whereas two ligand units and two acetyl groups
remain in the equatorial plane. It is also suggested that the two
acetyl groups remain in the trans-position. In these cases, all
the complexes are eight coordinated. The metal ions do not oc-
cupy all the available sites in the metal chelate due to steric
constraints.
Based on Hamett’s relationship, electron withdrawing sub-
stituents in the ligands and their complexes enhance the stabil-
ities of these complexes owing to the decrease of electron
density at the metal atoms and thus the increase of the positive
charge on the metal. This effect results, therefore, in decreasing
reactivity. In contrast, the electron donating substituents in-
crease the electron density at the metal and leading to decrease
in the stability of the metal chelates.
This study may be promoted by further extended investiga-
tions toward the series containing relevant azo ligands. This
may well lead to gain a deeper insight into the mechanism
and preparative application of the azo coupling reactions un-
der the phase transfer catalysis conditions.
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